The response of Legionella pneumophila to antibiotics that inhibit cell-wall, protein and DNA synthesis was examined by electronmicroscopy, MIC estimations and viable counts. Ampicillin, cefotaxime, methicillin, erythromycin, rifampicin and ciprofloxacin, each used separately at 20 times their respective MIC values, showed activity against L. pneumophila in these studies. The inhibitors of cell-wall synthesisampicillin, cefotaxime and methicillin-effected the greatest bactericidal activity and induced the most extensive morphological changes, which included the formation of membranous lesions through which cytoplasmic contents were lost. In terms of ultrastructural damage and loss of viability, the inhibitors of protein and DNA synthesis were less effective than the antibiotics that acted on the microbial cell wall. Erythromycin-and rifampicin-treated cells possessed irregular membranes and were partially or fully lysed, whereas ciprofloxacin induced abnormally elongated organisms with intermittently lysed and detached inner membranes. These results illustrated the ability of antibiotics of putative clinical value, with diverse modes of action, to affect the ultrastructural cytology as well as the viability of L. pneumophila in vitro.
Introduction
Legionella pneumophila, the causal agent of an often fatal form of pneumonia known as Legionnaires' disease (legionellosis), has been studied by negative stain, thin-section, freeze-etching, and scanning electronmicroscopy. The response of this human pathogen to treatment with antimicrobial chemotherapeutic agents has been investigated by various in-vitro and in-vivo techn i q u e~.~-~ ' Although several antibiotics have excellent activity against L. pneumophila in vitro, as assessed in studies of minimum inhibitory concentrations (MIC), few show similar results in clinical practice. Erythromycin is currently the drug of choice for the treatment of legionellosis ; however, inherent problems arise in its use. Reports of relapse of infection, development of phlebitis with intravenous antibiotic administration, and potential complications related to the emergence of bacterial resistance have been associated with erythromycin therapy. For these reasons, several other antimicrobial agents have been investigated as potential alternatives for clinical use in the treatment of legionellosis. In this study, we examined the morphological characteristics and growth response of L. pneumophila after exposure to antimicrobial agents selected from three groups of either proven or putative clinical value ; they included inhibitors of bacterial cell-wall synthesis, protein synthesis and DNA replication. The effects of the agents were evaluated by MIC estimations, viable counts and ultrastructural (electronmicroscopic) investigations.
Materials and methods

Bacterial strains and growth conditions
L. pneurnophila serogroup 1, strain Nottingham N,, was isolated from a sputum sample from a fatal case of Legionnaires' disease ; it was subsequently passaged twice on bacteriological media and maintained frozen in serum sorbitol at -70°C. The organism was fully virulent as determined both in infectivity studies in MRC-512 and U-937 cell cultures as well as in a chick embryo virulence assay system.g-' Additional investigations were performed with the laboratory adapted serogroup 3 strain, Bloomington 2. Cultures were grown on buffered charcoal yeast extract agar supplemented with a-ketoglutarate (BCYEa)14 or on buffered enriched blood agar as previously described," at 37°C for 48 h. Organisms were 38 F. G. RODGERS, A. 0. TZIANABOS AND T. S. J. ELLIOTT harvested from plates and inoculated into buffered yeast extract broth supplemented with a-ketoglutarate-(/L) Yeast extract (Difco) 10 g; ACES buffer (Sigma) 10 g; aketoglutarate (Sigma) 1.0 g; L-cysteine (Sigma) 0.4 g; ferric pyrophosphate (Sigma) 0.25 g; pH adjusted to 6.9 with KOH; filter sterilised through a 0.2-pm filter (BYEa)-or enriched blood broth (EB)16 to give a final concentration of approximately 1 O5 organisms/ml. Organisms were incubated in static culture at 37°C.
Antibiotics
Dilutions of ampicillin (sodium salt) (Beecham Pharmaceuticals), cefotaxime (sodium salt) (Hoechst-Roussel Pharmaceuticals), methicillin (sodium salt) (Sigma), erythromycin lactobionate (Abbott Laboratories), rifampicin (Sigma), and ciprofloxacin (Miles Pharmaceuticals) were prepared in either EB broth or in BYEa broth (table) . Each antibiotic was added in the mid-logarithmic phase of growth of the test strain to give a final concentration of 20 times the MIC of each antimicrobial agent. These drug concentrations were selected to give valid direct comparisons and to ensure a morphological response, when present, in the entire microbial population. After incubation for 6 and 24 h in the presence of antibiotics, 5-ml samples were removed from the cultures. Organisms were harvested by centrifugation at 600 g for 10 min, washed twice in broth and either serially diluted for viable counts or prepared for electronmicroscopy. Control samples of untreated organisms were harvested and prepared in the same manner.
Viable counts
Bacterial viable counts were determined in triplicate by inoculating 10-p1 volumes of 10-fold serial dilutions of cultures in phosphate-buffered saline on to BCYEa agar. Resultant colonies were counted and viable counts (cfu/ ml) were ,determined from those plates containing 30-100 colonies as previously d e~c r i b e d .~~' 
Electronmicroscopy
Bacteria were fixed in glutaraldehyde 3% v/v in 0 . 0 5~ sodium cacodylate containing 10 mM MgS0,.2 For negative stain electronmicroscopy, 25 pl of each sample was mixed with an equal volume of phosphotungstic acid 1% w/v, pH 6.7, and applied to 400 mesh formvar-carbon coated copper electronmicroscope grids. For scanning electronmicroscopy, samples were applied to specimen stubs, dehydrated in a graded ethanol series, and either critical point dried as previously described3 or treated with hexamethyldisilaxane (HMDS). ' Before examination, samples were coated with 20 nm of either gold or gold-palladium in a Balzers or Hummer V sputter coater. For thin-section electronmicroscopy, all samples were dehydrated in an ethanol series and embedded in an epon-araldite mixture. Sections c. 60 nm thick were cut on an LKB Ultratome I11 with a diamond knife and stained with uranyl acetate 5% w/v for 1 min and lead citrate 0.4% w/v for 20 s.lv2
MIC determination
MICs were determined by a broth dilution method. ' * Briefly, serial two-fold dilutions of each antibiotic were prepared in EB or BYEa broth and inoculated with cultures in the mid-logarithmic phase of growth to give a final concentration of lo5 organisms/ml. The broths were incubated for 16 h and the lowest concentration of antibiotic which inhibited growth, as determined by naked eye examination, was taken as the MIC. like organisms of 0.15-pm diameter, possessed a normal cell-wall structure ( fig. 3) .
Results
Growth and viability studies
L. pneumophila grown in EB and
(ii) Cefotaxime. Cefotaxime at 20 times its MIC caused extensive damage to the bacterial cells. Incubation with this antibiotic for 6 h resulted in the formation of lesions and lytic points in the cell walls of a greater number of bacteria than in the cultures treated with any of the other antibiotics studied at this time. Extrusion of the bacterial cytoplasmic contents through such lytic points was the most common feature noted. Bulbous vesicles were observed on the surface of cells and many organisms possessed diffuse electron-lucent cytoplasmic contents. Extension of treatment with cefotaxime to 24 h resulted in an increase in damage to these cells in terms of the degree of membranous lesions and vesicles induced in the cell surfaces as well as the number of organisms affected. In addition, many bacteria lacked either cytoplasmic contents of prokaryotic structure. The formation of spheroplasts was not observed ( fig. 3) .
(iii) Methicillin. Organisms grown in the presence of 20 times the MIC of methicillin showed extensive morphological changes. Affected cells exhibited cell wall and membrane abnormalities and developed several lytic points through which the cytoplasmic contents extruded into the surrounding menstruum. Although many organisms appeared normal, spheroplast formation was evident at this stage. Incubation with methicillin for 24 h induced a greater degree of cell wall and membrane damage than was evident at 6 h. The outer membrane of the majority of organisms was found to have separated from the remaining cell wall and small vesicles had developed on the cell surfaces. As a consequence of lysis of the inner and outer membranes, there was a lossof cytoplasmic material
Cultures treated with inhibitors of protein synthesis (i) Erythromycin. Incubation of bacteria with 20
times the MIC of erythromycin resulted in moderate damage to micro-organisms. Short term exposure for 6 h caused infrequent, random breakpoints in the cell wall. Some elongated, filamentous organisms with numerous vesicles on their surfaces were found in addition to bacteria with bulbous distortions in cell shape. The ribosomal structure of these cells was more prominent, both in size and electron density; this was usually associated with pronounced zones of cytoplasmic clearing. The longer exposure period of 24 h resulted in an increase in the number of lysed cells, the majority of which retained their bacillary shape despite numerous lytic points in the cell wall. Some cells with an apparently normal morphology were present, but no spheroplasts or minicells were observed ( fig. 4) .
(ii) Rifampicin. Exposure of L. pneumophila to 20 times the MIC of rifampicin induced marked damage to the bacterial cells. Incubation for 6 h induced membrane damage, but this appeared less pronounced than with the other antibiotics examined. Separation of outer membranes from the remaining cell wall and breakage points in the inner membranes were evident in affected microorganisms. Furthermore, the ribosomes of these cells were enlarged, electron dense and associated with areas of cytoplasmic clearing. Extended treatment with rifampicin to 24 h elicited a more ( fig. 3 )-RESPONSE OF L . PNEUMOPHILA TO ANTIBIOTICS 41 Fig. 3 . Electronmicrographs of L. pneumophilu exposed to the cell-wall inhibitory antibiotics-ampicillin, cefotaxime and methicillin: (a) cefotaxime for 24 h-note partial collapse of organism and initial lytic point (arrow); (b) methicillin for 24 horganism has lost cytoplasmic contents through advanced lytic point (arrow) ; (c) ampicillin for 6 h-note ruptured bacterial membranes with extrusion of cytoplasmic contents; (d) ampicillin for 24 h-vesicles subjacent to the cytoplasmic membrane were evident; (e) and (f) methicillin for 6 h-distortion, pinching and ballooning of the bacterial outer membranes and loss of cytoplasmic contents were apparent; (g) ampicillin for 24 h-note complete collapse of organism; (h) methicillin for 6 h-small numbers of normal bacteria were found alongside damaged and partially plasmolysed legionellae ; (i) methicillin for 6 h-spheroplast formation was evident; a and by negative stain; c, d, e, f, h, i, thin-section; g, scanning electronmicroscopy. a-e, g, h, bar=0.5 pm; f, i, bar = 0.25 pm.
pronounced effect in which lytic points in the membrane of cells and loss of intracellular contents led to eventual collapse of the cells (fig. 4) .
Cultures treated with an inhibitor of DNA replication: CiproJloxacin. Organisms treated for 6 h with 20 times the MIC of ciprofloxacin exhibited marked morphological changes. The majority of cells were abnormally elongated forming filaments, each of which possessed centrally located "pinched zones" suggestive of arrested division. The inner membranes of many legionellae were intermittently lysed and separated from the remaining cell wall material. In addition, the intracellular contents of cells were more densely packed due to an apparent overall increase in the size of individual ribosomes. Further exposure to this antibiotic induced damage to 98%of the Legionella organisms present. Twisted, convoluted bacteria were found with depressed, partially collapsed areas on their cell surface. Some organisms at this time had lost their intracellular contents through breakage points in the cell wall while others maintained the densely packed cytoplasmic appearance found in organisms treated for 6 h with this antibiotic (fig. 5) .
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F. G. RODGERS, A. 0. TZIANABOS AND T. S. J. ELLIOTT Fig. 4 . Electronmicrographs of L. pneumophilu exposed to inhibitors of protein synthesis-exythromycin and rifampicin : (a) rifampicin for 24 h-darkly staining surface lesions and numerous small membranous vesicles seen; (b) erythromycin for 6 h-note blebs on bacterial outer membrane; (c) rifampicin for 24 h-an increase in the number and density of ribosomes was evident i,n localised zones within the bacterial cytoplasm; (d) rifampicin for 24 h-note distortion and collapse of organisms and points of lysis (arrow); (e) erythromycin for 24 h-discrete lesions were found in the bacterial membranes in association with loss of cytoplasm (arrows); (f) rifampicin for 6 h-extrusion of cytoplasmic contents was apparent (short arrow) as well as regions of bacterial collapse (long arrow); (g) rifampicin for 24 h-an increase in ribosomal density and disruption of the outer membrane seen; a negative stain; c, e, g, thin-section; by d, f, scanning electronmicroscopy. Bars=0.5 pm. Fig. 6 shows the relative proportion of lysed and partially damaged cells compared with those of normal morphology following treatment with each antibiotic for 6 and 24 h.
Discussion
All antibiotics tested were effective against L. pneumophila in vitro, as assayed by MIC data, the reduction in bacterial viable counts, and the morphological responses induced. Methicillin showed marked bactericidal activity against multiplying organisms in broth culture. This activity was confirmed by the morphological studies in which many lysed and empty cells were evident after exposure to methicillin for 6 and 24 h. Formation of spheroplasts after treatment with this antibiotic at a concentration of 1280 mg/L was observed and confirmed our earlier reports of this phenomenon with ampi~illin.~ Similar spheroplast formation was reported subsequently for methicillin used at a concentration of 100 mg/L by Chan et al. ;' however, unlike the results of the present study, these workers could not demonstrate this phenomenon with increased doses of methicillin up to 1000 mg/ L. The addition of magnesium salts to the fixatives and buffers used in our study would have stabilised fragile bacterial membranes and may account for these differences in spheroplast detection.
Cefotaxime showed the greatest bactericidal activity and this resulted in the most rapid decline in numbers of viable organisms. Furthermore, this third generation cephalosporin induced the greatest morphological changes in microbial cytology at both exposure times. These results conflict with Percentages were calculated from counts of 100 or more cells for each agent and for each treatment time.
those of Chan et al. ' who reported no morphological changes in response to exposure of L. pneurnophila to different concentrations of this antibiotic. It was interesting to note that this drug failed to induce spheroplast formation in L. pneumophila although a similar finding was reported following treatment of other gram-negative bacteria with increased levels of cephalothin. l9 That the P-lactam antibiotics are active against dividing cells is well established. In this study, antibiotics were added in the midlogarithmic phase of growth, which, for L. pneumophila in the two broths selected and with an inoculum of lo5 organisms/ml, was achieved 24 h into the growth cycle. Failure of Chan et al. ' to detect morphological changes due to this antibiotic may reflect the growth phase of the organisms at the time of treatment. Ampicillin and erythromycin had similar MIC values against L. pneumophila but showed different bactericidal capabilities in vitro. 39 These data were confirmed by electronmicroscopy which showed a greater number of lysed and damaged cells in cultures grown in the presence of ampicillin. In addition, the formation of minicell-like organisms and spheroplasts was observed following treatment with the inhibitor of cell-wall synthesis, ampicilliii. It has been suggested that this may constitute a mechanism by which osmotically protected legi-44 F. G. RODGERS, A. 0. TZIANABOS AND T. S. J. ELLIOTT onellae survive within host cells and subsequently revert to vegetative forms on the discontinuation of therapy. These results confirm our earlier studies on this agent but contradict those of Chan et al.,' who reported no morphological damage to Legionella organisms after exposure to similar levels of erythromycin in vitro.
Ciprofloxacin and rifampicin showed effective bactericidal activity in viable count estimations at both times studied. Despite showing the greatest activity in MIC assays, these antibiotics induced only moderate structural damage after short term exposure. However, such changes increased with exposure time. That bacterial viability was lost before the induction of extensive ultrastructural damage probably reflected the mode of action of these antimicrobial agents against L. pneumophila cells in the logarithmic phase of growth.
Although the six antibiotics investigated in this study showed antimicrobial activity against L. pneumophila in vitro, it has been reported that the aminoglycosides, cephalosporins, and penicillins, including ampicillin and methicillin, are clinically ineffective in the treatment of legionellosis. 2o Because of its intracellular nature, L. pneumophila can avoid the effects of antimicrobial agents that cannot penetrate host-cell membranes. Moreover, it has been reported that ciprofl~xacin,~ erythromycin and rifampicin'. * inhibit intracellular L. pneumophila while the P-lactam antibiotics such as ampicillin, cefoxitin and cefotaxime do not. 21 In this study, the presence of bacteria with apparently normal morphology following extended incubation with these antibiotics may offer some explanation of clinical treatment failures. Caution should be used in extrapolating apparently acceptable laboratory findings to the development of clinical regimens for the treatment of Legionnaires' disease.
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